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Since the initial discovery of septin family GTPases, the understanding of their molecular
organization and cellular roles keeps being refined. Septins have been involved in many
physiological processes and the misregulation of specific septin gene expression has
been implicated in diverse human pathologies, including neurological disorders and
cancer. In this minireview, we focus on the importance of the subunit composition and
subcellular localization of septins relevant to tumor initiation, progression, andmetastasis.
We especially underline the importance of septin polymer composition and of their
association with the plasmamembrane, actin, or microtubules in cell functions involved in
cancer and in resistance to cancer therapies. Through their scaffolding role, their function
in membrane compartmentalization or through their protective function against protein
degradation, septins also emerge as critical organizers of membrane-associated proteins
and of signaling pathways implicated in cancer-associated angiogenesis, apoptosis,
polarity, migration, proliferation, and in metastasis. Also, the question as to which of
the free monomers, hetero-oligomers, or filaments is the functional form of mammalian
septins is raised and the control over their spatial and temporal localization is discussed.
The increasing amount of crosstalks identified between septins and cellular signaling
mediators reinforces the exciting possibility that septins could be new targets in
anti-cancer therapies or in therapeutic strategies to limit drug resistance.
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INTRODUCTION
In humans, 13 septin proteins have been identified, which can be clustered into four groups
according to their gene structure homology (Kinoshita, 2003; Hall et al., 2005). A plethora of
isoforms has been described, and for SEPT4, 8 and 9, long and short N-terminal extensions have
been identified (see Hall and Russell, 2012). Such diversity allows a large repertoire of septin
assemblies, which could explain the multiplicity of septin subcellular localizations and functions.
Septins can oligomerize into repeated and ordered hexamers or octamers, which can organize into
higher-order structures, including rings or filaments. Ring structures have been well described in
the context of mitotic completion or in differentiated cell structures like at the base of primary
cilia or in the spermatozoid annulus (for reviews, Caudron and Barral, 2009; Saarikangas and
Barral, 2011; Spiliotis and Gladfelter, 2012). Septins are also observed as rods and filaments,
which associate with actin, microtubules (MTs) or membranes and are thus considered as a fourth
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component of the cytoskeleton (Mostowy and Cossart, 2012).
Septins function as scaffolds for protein-protein interactions, or
as diffusion barriers for protein compartmentalization, not only
during cell division, but also in an increasing number of processes
in interphase cells (for reviews, Mostowy and Cossart, 2012; Fung
et al., 2014; Montagna et al., 2015).
Septins have initially been identified as fusion partners with
MLL in leukemia (Osaka et al., 1999; Cerveira et al., 2011).
Their gene expression is also deregulated in tumors. SEPT2,
8, 9, and 11 genes are consistently up-regulated, while SEPT4
and 10 are down-regulated in many cancer cells (Liu et al.,
2010; Montagna et al., 2015). A colon cancer diagnosis method
based on the quantification of circulating methylated SEPT9
DNA has even been proposed (for review, Song and Li, 2015).
Septin isoform expression (mainly focused on SEPT9 isoforms)
has also been studied in a broad range of solid tumors (Scott
et al., 2006; Connolly et al., 2011, 2014; Shen et al., 2012; Gilad
et al., 2015). Here, we focus on the links between the modulation
of septin polymer composition, their differential subcellular
localization, and the molecular and cellular pathophysiological
mechanisms they affect in cancer, both in mitotic and
interphase cells.
ROLES OF SEPTINS IN MITOSIS
By forming highly organized rings at cell division sites, septins
have been found to play a crucial role in the spatio-temporal
control of yeast budding, and the mechanisms that control
septin assembly, remodeling and functions in this context are
still thoroughly explored in the yeast model. In mammalian
cells, septins have also been identified as one of the contributors
of mitosis, and could potentially be implicated in a variety
of cancers. Indeed, after Cdk1-mediated phosphorylation, long
SEPT9 isoforms become a substrate of the prolyl-isomerase Pin1,
and their isomerization is required for cytokinesis completion
(Estey et al., 2013). Like other oncogenes and tumor suppressors
controlled by Pin1 (for review, Zhou and Lu, 2016), specific
SEPT9 isoforms may thus participate in oncogenesis. Also,
septins contribute to fulfill proper chromosome congression
and correct segregation during the anaphase. In this context,
the SEPT2/6/7 complexes seem to be important for the
recruitment of the kinesin family protein CENP-E (Spiliotis et al.,
2005), which participates in the mitotic checkpoint, and for
chromosome movement along MTs during the anaphase. At the
onset of telophase, septins concentrate at the central spindle
region where they interact with the actomyosin contractile
ring via the partner protein anillin (for reviews, Fung et al.,
2014; Menon and Gaestel, 2015). Recent data indicate that the
anillin-septin ring promotes the intercellular bridge ingression,
elongation and narrowing. These steps occur prior to septin and
anillin relocalization to the central stem body and to sites of MT
constriction. There, the septin ring facilitates the recruitment of
Chmp4B, allowing the assembly of the ESCRT III complex, which
actually mediates the abcission step (Renshaw et al., 2014). A
recent study on the effects of chrysotile fibers (responsible of
mesothelioma, lung cancer, and asbestos) points out the role of
cytokinesis failure mediated by an overexpression of SEPT2 and
by anillin and SEPT9 mislocalizations, in causing aneuploidy,
centrosome amplification, and multipolar mitoses (Cortez et al.,
2016), which are frequent in cancer cells.
LOCALIZATION-DEPENDENT ROLES OF
SEPTINS IN INTERPHASE CELLS
Out of the cell division context, septin contribution to cancer
may also involve interphase cells, in a way that is linked to their
subcellular location, as described hereafter and summarized in
Figure 1.
Membrane-Associated Septins
Septin self-assembly into filaments and higher-order structures
occur by diffusion-driven annealing on the plasma membrane
(Bridges et al., 2014). In return, large septin filament arrays stably
interacting with the plasma membrane may modify cortical
morphogenesis by imposing membrane curvature (Tanaka-
Takiguchi et al., 2009), and affect the cortical rigidity of migrating
cells (Tooley et al., 2009), thus contributing to tumor metastasis.
Besides their role in membrane compartmentalization, septins
have been implicated in the misregulation of growth factor
receptors involved in cancer progression. They can cluster
and stabilize plasma membrane proteins (Caudron and Barral,
2009; Hagiwara et al., 2011) including receptor tyrosine kinases.
Indeed, membrane-associated SEPT9 prevents CIN85 binding
to the ubiquitin ligase Cbl, resulting in reduced ubiquitin-
dependent EGFR degradation (Diesenberg et al., 2015). Also,
septins are involved in the abnormal persistence of ErbB2 at the
plasma membrane of cancer cells via decreased ubiquitylation
and degradation (Marcus et al., 2016). In addition, the surface
distribution of the c-Met protooncogene is regulated in opposite
ways by SEPT2 and 11, but both participate in its interaction
with the ligand and anchorage to the actin cytoskeleton
(Mostowy et al., 2011), illustrating the importance of the subunit
composition of septin filaments in controlling their biological
functions.
Septins may also associate with other membrane-bound
organelles. SEPT2 and 7, by interacting with DRP1 would
concentrate it at the sites of mitochondrial constriction and
facilitate their fission (Pagliuso et al., 2016; Sirianni et al., 2016).
Mitochondria-associated septins also comprise the isoform 2
of SEPT4 (SEPT4_i2) also called ARTS, which upon pro-
apoptotic stimuli, is released in the cytosol where it binds to
the XIAP proteins to release the inhibition of caspases and
thus promote apoptosis (Edison et al., 2012). ARTS expression
has been shown to drop in acute lymphoid leukemias and in
lymphomas, and would be implicated in controlling the number
of normal stem cells (García-Fernández et al., 2010). This has
led to propose ARTS as a valuable therapeutic target against
cancer stem cells (Elhasid and Larisch, 2011). Also, septins
are implicated in autophagosome formation upon nutrient
deprivation in yeast (Barve et al., 2016). These studies provide
new clues to understand the role of septins in cancerogenesis
and/or adaptation to tumoral environment.
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FIGURE 1 | Subcellular localizations and functions of septins in interphase cells in relation with oligomer composition and binding partners. This virtual
cell summarizes the main topics described in the text regarding: Septin biosynthesis, annealing, and association with the plasma membrane. Role of septin filaments
in oncogene receptor signaling and dynamics, and in mitochondria fission (Yellow panel). Septin localization to the actin cytoskeleton: direct binding or involvement of
SEPT9 isoforms and BORG proteins. Implication of septin filaments in actin filament bundling and organization, cell migration, cortical rigidity, and membrane
curvature sensing (Magenta panel). Septin binding to microtubules and the links with tubulin post-translational modifications and MAPs in vesicular trafficking and in
cell resistance to microtubule-targeting agents (Cyan panel). Septin roles in the nuclear import of signaling factors involved in cell proliferation and in apoptosis. It is not
known whether SEPT9 interacts alone or as part of septin oligomers with HIF-1α, importin-α and JNK (Light gray panel). The color code of septin monomers is
indicated on the top right of the figure.
Actin-Associated Septins
In many cell types, septin filaments coalign with actin in
subcortical regions or along stress fibers (Kinoshita et al.,
1997). Actin loss causes septins to form free cytoplasmic rings
(Kinoshita et al., 2002). Conversely, SEPT2 depletion attenuates
actin bundling (Kinoshita et al., 2002) and disrupts stress fibers
(Schmidt and Nichols, 2004). Knocking down SEPT6 and 7
(Kremer et al., 2007) produce a similar loss of actin bundling
along with the disruption of cell polarity. These effects may
involve septin binding partners that crosslink septins to actin
like BORG2 and BORG5, which are two of the five Cdc42-
effector proteins of the BORG family (Liu et al., 2014; Calvo et al.,
2015). Stress fiber disruption may also involve septin partners
that directly regulate actin like the protein Wdpcp (Cui et al.,
2013).
Septins control actin remodeling during cell migration and
may thus contribute to metastatic cancer cell dissemination
and invasion. Septin filaments bind to and stabilize the
transverse arc and radial stress fibers in the lamellipodia of
migrating cells (Dolat et al., 2014). Such stabilization could
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involve SEPT9-mediated prevention of actin depolymerisation
by myosin and cofilin (Smith et al., 2015). Septins also contribute
to the stabilization of nascent focal adhesions (Dolat et al.,
2014), which is necessary for their turnover and thus for
effective migration. Sept9-knockout mouse embryonic fibroblasts
indeed migrate more slowly than wild-type cells (Füchtbauer
et al., 2011). Also, SEPT9_i4 is involved in the control of
migration directionality in MCF7 breast cancer cells (Chacko
et al., 2005). Persistent directional migration is further dependent
on SEPT7 and on BORG5, which maintain proper actin filament
organization (Liu et al., 2014).
Cell migration and invasion requires epithelial-mesenchymal
transition (EMT), which involves the formation of cell
protrusions and changes in the way cells interact with the
extracellular matrix (ECM). Depletion of SEPT9 in various
metastatic cancer cells allows the reversion of EMT and reduces
cell spreading, migration and invasion (Shankar et al., 2010).
SEPT1 also participates in the spreading of squamous cell
carcinoma DJM-1 cells (Mizutani et al., 2013).
Tumor progression also requires neoangiogenesis,
which implies the migration of leader cells of the tumor
microenvironment. Interestingly, septins are involved in both
processes. Indeed, Yeh et al. (2012) proposed that the ECM
stiffness controls SEPT9 expression of endothelial cells via
integrin signaling, and regulates cell proliferation and peripheral
distribution of actin assembly. Regarding tumor-associated
fibroblast migration, Calvo et al. (2015) showed that the cohesion
between actin fibers and septins is increased due to elevated
expression of the crosslinking protein BORG2. This in turn leads
to matrix remodeling, favors the activation of highly contractile
cancer-associated fibroblasts and promotes cancer cell invasion,
angiogenesis, and tumor growth.
Microtubule-Associated Septins
In a few cell types, septin filaments co-align with MTs (Surka
et al., 2002; Nagata et al., 2003; for review, Silverman-Gavrila and
Silverman-Gavrila, 2008). They compete with the MT-stabilizing
protein MAP4 to associate with the MT lattice and reduce MT
stability (Kremer et al., 2005; Spiliotis et al., 2008). By contrast,
septin-decorated MTs also exhibit lower MT dynamics in MDCK
cells (Bowen et al., 2011) although septins do not colocalize with
stabilized acetylated or detyrosinated MTs (Spiliotis et al., 2008).
However, the relationship between septins and MT acetylation is
still unclear as, in dendrites, SEPT7 was found to interact with
the tubulin deacetylase HDAC6 (Ageta-Ishihara et al., 2013). In
addition, septin filaments interact with polyglutamylated MTs
and favor vesicle trafficking along these tracks to maintain the
polarity of MDCK cells (Spiliotis et al., 2008).
Cancer chemotherapy often makes use of MT-targeting agents
(MTA), which do not only act during mitosis but also interfere
with MT dynamics during the interphase. MT-associated septins
by modulating the MT environment may therefore modulate
MT-based activities. Several septins have been proposed to
participate in cancer cell resistance to MTA. Low SEPT10
expression level would promote paclitaxel resistance (Xu et al.,
2012), while resistance to paclitaxel and to 2-methyl-estradiol
involves SEPT9_i1 overexpression in several cancer cell lines
(Amir and Mabjeesh, 2007). Also, misregulations of SEPT9_i1
and i4 have been linked to bad prognosis and resistance to
MTA in prostate (Gilad et al., 2015) and breast cancers (Chacko
et al., 2012). Consistently, paclitaxel-resistant MDA-MB 231
breast cancer cells display increased SEPT2, 8, 9, 11 levels
(Froidevaux-Klipfel et al., 2011). In these cells, septins are
displaced from actin fibers to MTs, where they restore higher
level of MT dynamics by acting as scaffolding proteins to
recruit tubulin polyglutamylation enzymes. Septin recruitment
to polyglutamylated MTs result in increased binding of MT
modulators that play key roles in controlling catastrophe and
rescue events (Froidevaux-Klipfel et al., 2015).
Septins not only form a diffusion barrier at the base of the
primary cilium (Hu and Nelson, 2011), but also associate with
acetylated MTs in the axonema of RPE-1 cells in which the
SEPT2/7/9 complex controls ciliary length (Ghossoub et al.,
2013). The loss of TTLL3 activity, a polyglycylase required for
robust primary cilium formation has been involved in colon
cancer development (Rocha et al., 2014). By analogy with the
finding that septin filaments recruit tubulin polyglutamylases on
MTs (Froidevaux-Klipfel et al., 2015), the axonema-associated
septins could perhaps function to scaffold TTLL3 on ciliary MTs,
as it belongs to the same family of enzymes.
Other Roles of Septins in Ill-Defined
Locations
As observed for membrane receptors, septins, and more precisely
SEPT9_i1, stabilize other signaling proteins like JNK (Gonzalez
et al., 2009) or HIF-1α (Amir et al., 2009) by preventing their
degradation. However, these studies used total cell extracts and
gave no indication of where these events take place in the cell. In
both cases, it is not known whether septins function as filaments.
By stabilizing JNK, SEPT9_i1 promotes longer JNK signaling,
c-Jun phosphorylation, and cyclin D1 expression, leading to
enhanced proliferation (Gonzalez et al., 2009). Septins are also
involved in the nucleo-cytoplasmic distribution of proteins. By
binding to SOCS7, which contains the nuclear import/export
signals, the SEPT2/6/7 complex maintains SOCS7 together with
the adapter protein NCK in the cytoplasm, thus perturbing cell
cycle arrest induced by DNA damage (Kremer et al., 2007). Also,
SEPT9_i1 was evidenced to physically bind to importin-α and
HIF-1α to promote HIF-1α nuclear translocation and subsequent
transcriptional activation (Golan and Mabjeesh, 2013).
MOLECULAR DETERMINANTS OF SEPTIN
FILAMENT LOCALIZATION
The high diversity of septin isoform expression and the variety
of their assembly into oligomers and higher-order structures
suggest a molecular basis for their multiple localizations and
functions. The intimate determinants of subcellular septin fate
are most often enigmatic but some targeting and/or interaction
mechanisms have been described (see Figure 1).
One intriguing mechanism has been revealed in fungi and
could potentially be generalized to other organisms. In polarized
fungal hyphae, septins are locally translated and assembled into
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heteromeric complexes on the surface of shuttling endosomes
for an efficient long-distance transport and deposition at growth
poles (Baumann et al., 2013; Zander et al., 2016). Consistent
with such a model, the majority of septin molecules found
in the cytosol are already assembled into octamers, while
the septin complexes recovered at the plasma membrane are
composed of multiple octamers that can anneal (Bridges et al.,
2014). Septin rod association into filaments would be driven by
interactions with the plasma membrane (Bridges et al., 2014).
Such interactions involve the binding to membrane-specific
phosphoinositides like PIP2 (Zhang et al., 1999), PI4,5bis-
phosphate (Bertin et al., 2010) or PI5P (Akil et al., 2016) and
the local curvature of the membrane, which can be efficiently
discriminated by septin rods (Bridges et al., 2016).
Septins have been found to bind actin directly (Mavrakis et al.,
2014; Smith et al., 2015). The N-terminal tail of SEPT9 was
recently evidenced to cross-link actin filaments by binding to
three different sites on F-actin (Smith et al., 2015). While anillin
has been evidenced to bridge septin filaments with actin during
mitosis, BORG2 was recently shown to play a similar role in non-
dividing cells (Calvo et al., 2015). BORG1, 2 and 3 were evidenced
to directly bind to septin oligomers that comprise SEPT6, and
this interaction is negatively regulated by Cdc42 (Joberty et al.,
2001; Sadian et al., 2013). Gic1, one of the yeast homologs of
human BORG, has been shown to stabilize long septin filaments
by binding to the Cdc10 (a septin of the group 3) subunit
(Sadian et al., 2013). In contrast, activated BORG3, by strongly
binding to the SEPT6/7 interface (Sheffield et al., 2003), causes
uncontrolled septin bundling and thus filament loss (Joberty
et al., 2001; Kinoshita et al., 2002). More recently, BORG5 was
shown to control the localization of septin filaments along the
perinuclear actin fibers (Liu et al., 2014). The spatiotemporal
control of septin targeting to the actin cytoskeleton may thus
depend on the presence of binding partners in the cytoplasm,
excluding the participation of anillin, which is sequestered in
the nucleus during the interphase (Field and Alberts, 1995).
Regulation of BORG availability may also exist, as BORG2
expression increased in response to cancer cell-derived soluble
factors and is consistently increased in the stromal compartment
of breast cancers (Calvo et al., 2015).
SEPT9, in particular SEPT9_i1, has been linked to many
cancers of bad prognosis, to cell resistance to MTA and was
found to be overexpressed during the interphase (G1 and S)
in breast cancer (Gonzalez et al., 2009). Long SEPT9 isoforms
(SEPT9_i1, i2, and i3), which are preferentially incorporated
into higher-order structures than short ones (_i4-5; Sellin et al.,
2011), contribute to localize septin filaments along interphase
MTs (Sellin et al., 2012; Bai et al., 2013; Mizutani et al., 2013).
Thus, the localization of SEPT9-containing filaments to actin
in the cytoplasm and to MTs in the cilium of RPE-1 cells
(Ghossoub et al., 2013), may also rely on the expression of
specific SEPT9 splice variants. By directly binding in vitro to
MTs through its GTP-binding domain (Nagata et al., 2003),
SEPT9_i1 was proposed to target septin filaments to MTs in
interphase cells (Surka et al., 2002). The repeated basic motifs in
the N-terminal regions of the long SEPT9 isoforms (SEPT9_i1-3)
were shown to interact with the acidic regions of tubulin (Bai
et al., 2013). However, a more recent study demonstrated that
the whole N-terminal domain of mammalian SEPT9_i1 also
contains an interaction domain with F-actin (Smith et al.,
2015). These findings indicate that other molecular determinants
on septins or on their target organelles may play a role in
septin association with either cytoskeleton element. Tubulin
posttranslational modifications are one of these determinants
as highlighted by the differential septin filament locations
between sensitive and Taxol R©-resistant breast cancer cells, which
both express long SEPT9 isoforms (Froidevaux-Klipfel et al.,
2015). As already observed in MDCK cells, septin filaments
coalign with polyglutamylated MT tracks (Spiliotis et al., 2008).
Long lateral polyglutamate chains on tubulin even enhance
this association in Taxol R©-resistant breast cancer cells, while
septins remain associated with actin in their Taxol R©-sensitive
counterpart (Froidevaux-Klipfel et al., 2015). This differential
septin filament localization between MTs and actin filaments
correlates with a high level of SEPT9_i1 in resistant cells, while
SEPT9_i3 is the main SEPT9 isoform found in the septin
filaments of sensitive cells. By bearing 5 more positive charges
than SEPT9_i3, SEPT9_i1 would have more affinity for the acidic
tail of tubulin, and even more when it bears long polyglutamate
chains.
CONCLUDING REMARKS
Although, septin roles in cancer have been largely documented,
the understanding of how the spatial and temporal dynamics of
septin subcellular localization is regulated remains to be fully
addressed. As described above, some clues are emerging, as the
incorporation of specific SEPT9 isoforms into oligomers was
found to orient the final destination of septin filaments inside
the cell. Other septins are also involved, as the SEPT5-containing
complexes are enriched in the lamellipodia of squamous cell
carcinoma DJM-1 cells, while complexes recovered along MTs
exclude this septin (Mizutani et al., 2013).
Besides filament composition, much remains to be learned
about the potential roles of septin monomers vs. oligomers
and vs. filaments. Indeed, while SEPT2, 7, and 11 are required
at the early stages of cytokinesis, only the SEPT9 deletion
impairs the final separation of daughter cells (Estey et al., 2010),
suggesting a role for SEPT9 even when it is not incorporated
into a filament. Also, not only filaments but septin hexamers
canmediate actin bending and bundling during actin remodeling
at the furrow canal in Drosophila embryos (Mavrakis et al.,
2014). Therefore, caution must be taken when overexpressing
a single septin because it might perturb the original septin
filament location and/or function, as observed for some SEPT9
isoforms. Also, a strong expression of individual septins may
form homo-oligomers (see Fung et al., 2014; Sellin et al., 2014)
that have nothing to do with physiological septin filaments.
Furthermore, posttranslational modifications (phosphorylation,
acetylation, and sumoylation) may impact the way septins
assemble into higher-order structures as described in fungi
and will deserve further investigation in the context of cancer
(Hernández-Rodriguez and Momany, 2012).
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Regarding cancer therapy or cell adaptation and resistance
to chemotherapies, the direct targeting of septins could have
many side effects. Nevertheless, septins have been proposed
as molecular targets in solid tumors, where they are required
for cytokinesis completion as opposed to hematopoietic cells
(Menon et al., 2014). Alternatively, research of novel therapeutic
targets might focus on the perturbation of the subcellular
localization of septin filaments. As such, by dampening
the lateral interactions between parallel septin filaments at
the anaphase spindle midline, alternating electric fields used
for the treatment of recurrent glioblastoma induce mitotic
catastrophe and subsequent apoptosis (Gera et al., 2015).
Septin relocalization in interphase cells might as well be
achieved by the targeting of their membrane- or cytoskeletal-
binding partners. Understanding the underlying mechanisms
of septin subcellular localization therefore deserves more
interest, and will be important to focus on in the years to
come.
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